Myogenic response, a phenomenon in which resistance size arteries and arterioles swiftly constrict or dilate in 29 response to an acute elevation or reduction, respectively in intravascular pressure is a key component of renal 30 autoregulation mechanisms. Although it is well-established that the renal system is functionally immature in 31 neonates, mechanisms that regulate neonatal renal blood flow (RBF) remain poorly understood. In this study, 32
Introduction 55
Healthy kidneys maintain constant renal blood flow (RBF) and glomerular filtration rate (GFR) despite 56 physiological fluctuations in arterial pressure (10, 11, 40) . This phenomenon known as the "renal 57 autoregulation" serves to preserve renal function and protect the kidneys from glomerular injury (10, 11, 40) . 58
Two primary mechanisms have been demonstrated to mediate renal autoregulation: 1) the myogenic response 59
and 2) tubuloglomerular feedback (TGF) mechanism. The renal myogenic response is based on the intrinsic 60 ability of afferent arterioles to swiftly constrict or dilate in response to an acute elevation or reduction, 61 respectively in renal perfusion pressure (10, 11, 40) . Interlobular arteries have also been shown to contribute to 62 renal myogenic autoregulation (27) (28) (29) . TGF mechanism involves signal transduction events in which tubular 63 flow rate-dependent changes in luminal sodium chloride concentration detected at the macula densa, adjust 64 the GFR by altering preglomerular vascular tone (10, 11, 40) . 65
Renal autoregulation mechanisms have largely been described in adults. However, the morphological 66 and functional properties of the renal system differ between maturational stages (31, 65) . The autoregulation 67 range in healthy adults is between ~ 80 and 180 mmHg (11). The mean arterial pressure of term newborns is 68 less than the lower limit of adult autoregulation range (44). Thus, renal autoregulation may occur at a lower 69 perfusion pressure in neonates. Angiotensin II-induced increase in perfusion pressure during selective 70 inhibition of its renal vascular effects elicited RBF autoregulation in ~ 4-5-week-old puppies (33). However, 71
Buckley and colleagues suggested that renal autoregulation is insignificant at birth (8). This proposal was 72 based on data showing that aortic compression decreased renal vascular resistance in 1-2-week-and 1-2-73 month-old pigs, but not in 1-4-day-old pigs (8). Moreover, step increases in kidney perfusion did not induce 74 consistent autoregulation in piglets of all age groups (8). Hence, further studies are required to characterize 75 neonatal renal myogenic autoregulation. 76
In myogenic arteries/arterioles, the mechanical stretch on the vascular wall exerted by elevated 77 intravascular pressure induces smooth muscle cell (SMC) depolarization that activates voltage-dependent Ca 2+ 78 channels (VDCCs) (15, 52) . VDCC activation results in extracellular Ca 2+ influx, an elevation in intracellular 79 Ca 2+ ([Ca 2+ ] i ) concentration, and vasoconstriction (15, 52) . The mechanism by which an elevation in 80 intravascular pressure stimulates vascular SMC membrane depolarization involves activation of membrane-81 7 Biosciences, St. Louis, MO) for ~1 h at room temperature. The membranes were then incubated with primary 156 antibodies overnight at 4 o C. After several washes in Tris-buffered saline supplemented with 0.05% Tween 20 157 (TBS-T), the membranes were incubated in horseradish peroxidase-conjugated secondary antibodies for 45 158 min at room temperature and washed in TBS-T. Immunoreactive proteins were visualized using a 159 chemiluminescent kit (G-Biosciences). Protein band intensities were analyzed by digital densitometry using 160
Quantity One software (Bio-Rad) . 161
162

Immunofluorescence 163
Renal vascular SMCs attached to collagen-coated coverslips were fixed in 4% formaldehyde for ~ 20 min and 164 permeabilized with 0.2% Triton X-100 for ~ 15 min at room temperature. After 1 hour of incubation in PBS 165 containing 5% BSA to block non-specific immunoreactive sites, cells were treated overnight at 4 o C with a 166 TRPV4 antibody (1:50, each). Next day, cells were washed with PBS and incubated with Alexa 555-167 conjugated donkey anti-rabbit (1:500, each) for 1 h at room temperature. After several washes in PBS and 168 mount, fluorescence images were acquired using a Zeiss laser-scanning confocal microscope. 169
170
Diameter measurement in pressurized microvessels 171
Pressure-induced changes in interlobular artery luminal diameter were examined using the pressure myograph 172 systems (Danish Myo Technology (DMT), Aarhus, Denmark and Living Systems Instrumentation, St. Albans, 173 VT). Distal interlobular arteries were cannulated with a fabricated glass at each end in temperature-controlled 174 chambers. The chambers were slowly and continuously perfused with MKS equilibrated with a 21 % O 2 -5 % 175 CO 2 -74 % N 2 gas mixture and maintained at 37 o C. To alter intravascular pressure and prevent flow, a vessel 176 "blind-sac" preparation was made by plugging the distal cannula. The proximal cannula was then connected to 177 a software-controlled pressure interface (DMT) or pressure servo controller (Living Systems Instrumentation) 178 for maintenance of steady-state intravascular pressure. Microvessels were visualized using charge-coupled 179 device cameras attached to inverted microscopes. Changes in vessel luminal diameter were continuously 180 acquired using the vessel dimension analysis software (DMT or IonOptix Corp, Milton, MA) . Percentage 181 8 myogenic tone was calculated as (1 -active luminal diameter/passive luminal diameter) x 100. Passive luminal 182 diameter was determined in Ca 2+ free, EGTA (2 mM)-containing MKS. 183
184
Membrane potential measurement 185
Renal vascular SMC membrane potential was measured by impaling borosilicate glass microelectrodes filled 186 with 3 M KCl (tip resistances of 50-90 m) into the adventitial side of pressurized interlobular arteries. 187
Membrane potential was recorded using an A-M Systems Intracellular Electrometer Model 3100 (A-M 188 Systems; Carlsborg, WA) and digitized using a pClamp 10 software (Axon Instruments). A successful 189 intracellular recording was based on the following criteria: 1) recording originates from 0 ± 2 mV baseline; 2) a 190 fast, negative change in potential upon microelectrode impalement, 3) stable membrane potential for at least 1 191 min following microelectrode impalement, and 4) a fast, positive potential change upon microelectrode 192
withdrawal from the impaled cell. 193
194
Intracellular Ca 2+ imaging 195
Renal vascular SMCs on Cell-Tak (Corning Life Sciences, Corning, NY)-coated glass-bottom petri dishes were 196 incubated with Fura-2-acetoxymethyl ester (Fura-2 AM; 10 μM), and 0.5% pluronic F-127 for ~ 1 h at room 197 temperature in MKS. Cells were then washed for ~ 45 min to de-esterify Fura-2 AM molecules before imaging. 198
[Ca
2+
] i concentrations were determined using a fluorescence photometry system (Ionoptix Corp., Milton, MA, 199 USA). The fluorescence was collected simultaneously from cells located in the same field. Only one field was 200 imaged per dish. To study pressure-induced changes in [Ca 2+ ] i, vessel luminal diameter and [Ca 2+ ] i changes 201 were simultaneously measured in pressurized interlobular arteries (56). Before cannulation, microvessels were 202 incubated in MKS containing fura-2 AM/pluronic acid at room temperature. Vessels were allowed to de-esterify 203 fura-2 AM before experimentation as described above. 204 Fura-2 AM fluorescence was recorded by exciting at wavelengths of 340 and 380 nm using a 205 hyperswitch light source (Ionoptix). Background-subtracted Fura-2 AM ratios were collected at 510 nm using a 206
MyoCam-S CCD digital camera (Ionoptix) and analyzed with IonWizard software (Ionoptix) using the following 207
Where "R" is the 340/380 nm ratio, R min and R max are the 208 9 minimum and maximum Fura-2 ratios determined in Ca 
Renal blood flow autoregulation 215
Neonatal pigs were acutely instrumented as we have previously described (55). Briefly, the pigs were 216 anesthetized with ketamine/xylazine (20/2.2 mg/kg; IM) and maintained on α-chloralose (50 mg/kg, 217 intravenously). The animals were maintained at 37 o C, intubated via tracheostomy, and mechanically ventilated 218 using a Bear Cub pediatric ventilator. Animals were continually monitored during experiments for anesthesia 219 depth and re-dosed if necessary. Arterial blood gas, pH, and hematocrit (HCT) were measured periodically 220 with a GEM Premier 3000 Blood Gas Analyzer (Instrumentation Laboratory, Bedford, MA). Ventilation was 221 adjusted to maintain PCO 2 , PO 2 , and pH at physiological ~ 30 mmHg, > 85 mmHg, and 7.4, respectively. Urine 222 was drained from the kidneys via a ureteral catheter. Mean arterial pressure (MAP) was recorded via a right 223 femoral artery catheter connected to a physiological pressure transducer (ADInstrument, Colorado Spring, 224 CO). A femoral vein was catheterized for anesthetic and fluid administration. To administer pharmacological 225 agents directly into the kidney, a catheter was inserted in the left femoral artery and advanced through the 226 abdominal aorta until its tip was positioned at the junction of the aorta and left renal artery. The left kidneys 227 were exposed retroperitoneally through flank incisions to permit access to the renal pedicles. RBF was 228 measured with a flow probe (Transonic Systems Inc., Ithaca, NY) placed around the main renal artery and 229 connected to a flowmeter (Transonic Systems). Renal cortical perfusion was measured by placing a Laser-230 Doppler probe (PF 407) attached to a holder (Perimed, Jarfalla, Sweden) on the kidney surface. Data were 231 acquired and analyzed using a PowerLab data acquisition system and LabChart software (ADInstrument). 232
To examine renal myogenic autoregulation, step decreases and increases in renal perfusion pressure 233
were achieved by placing an inflatable vascular occluder cuff (4 mm In Vivo Metrics, Healdbourg, CA) around 234 the aorta immediately upstream of the main renal arteries. The cuff was inflated with a BasixCOMPAK inflation 235 device (Merit Medical Systems Inc., South Jordan UT). MAP was increased by carefully tightening a ligature 236 each around the celiac and mesenteric arteries. MAP was then adjusted back to the baseline using the 237 occluder. Total RBF and renal cortical perfusion responses to a rapid change in perfusion pressure were 238 measured by reducing the MAP by ~ 20 mmHg followed by a ~ 20 mmHg increase for 60 s. After a recovery 239 time of ~ 10 min, the protocol was repeated at least three times. Autoregulatory index (AI) was calculated using 240 the Semple and DeWardener equation below (53) 
Statistical analysis 263
Statistical analysis was performed using the InStat statistics software (Graph Pad, Sacramento, CA). Data are 264 presented as mean ± standard error of the mean. Student's t-test and Student-Newman-Keuls test were used 265 for comparing paired or unpaired data and multiple data sets, respectively. Statistical significance implies a P-266 value < 0.05. 267
268
Results 269
TRPV4 channels are predominantly expressed in neonatal pig renal vascular SMCs 270
TRPV1-4 channels share structural and functional properties and are expressed in the vasculature (71, 74) . 271
Here, we determined whether TRPV1-4 channels are expressed in neonatal pig preglomerular vascular SMCs. 272
Intact vessels contain both endothelial and smooth muscle cells, as shown by PCR amplification of both vWF 273 and ACTA2, which are endothelial and smooth muscle cell markers, respectively ( Figure 1A ). Next, we 274 determined TRPV1-4 expression in intact interlobular arteries. As shown in Figure 1A , TRPV1-4 amplicons 275 were detected in cDNA samples from intact interlobular arteries. To study TRPV isoforms that are expressed 276 specifically in renal vascular SMCs, isolated interlobular artery SMCs (~ 100) were individually selected under 277 the microscope using a micropipette ( Figure 1B ). Only batches of SMCs that showed the absence of vWF were 278 used to determine TRPV isoform expression ( Figure 1C ). Unlike intact vessels, only TRPV4 amplicons were 279 detected in the cells ( Figure 1C ). To examine cellular localization of TRPV4 channels, isolated SMCs were 280 immunostained with a TRPV4 channel antibody. Confocal microscopy indicated that unlike normal rabbit IgG 281 (negative control; Figure 1D ), TRPV4 channels are essentially localized to the plasma membrane of the cells 282 ( Figure 1D ). TRPV4 channels are functionally expressed in vascular ECs (5). Here, we quantified TRPV4 283 channel expression in endothelial and smooth muscle cells isolated from neonatal pig renal interlobar arteries. 284
Quantitative RT-PCR indicated that TRPV4 mRNA expression is > 2-fold higher in neonatal pig renal interlobar 285 artery SMCs when compared with ECs ( Figure 1E ,F). Together, these data suggest that TRPV4 channels are 286 predominantly expressed in neonatal pig renal vascular SMCs. 287 288 TRPV4 channel protein expression levels in porcine kidney and renal preglomerular arteries are 289
maturation-dependent 290
Western blotting using a rabbit polyclonal anti-TRPV4 antibody detected a prominent ~ 120 kDa 291 immunoreactive band in neonatal pig renal cortex and medulla (Figure 2A) . Similarly, protein lysates from 292 interlobular arteries and afferent arterioles were positive for the ~ 120 kDa band ( Figure 2B) . A blocking 293 peptide directed against the TRPV4 antibody completely blocked band detection, indicating that the ~ 120 kDa 294 band corresponds to TRPV4 channels ( Figure 2C ). To investigate whether renal TRPV4 channel protein 295 13 expression is dependent on age, we obtained adult male (~ 6-month old) pig kidneys from a local 296 slaughterhouse. Thereafter, we compared TRPV4 channel protein expression in neonatal versus adult pig 297 kidneys and interlobular arteries. TRPV4 protein expression levels were ~ 54% and 74% higher in adult pig 298 kidneys and interlobular arteries, respectively when compared with neonatal pigs (Figure 2D-G To further examine the role of TRPV4 channels in the mechanisms that underlie neonatal renal artery 321 myogenic constriction, we first measured membrane potentials in newborn pig distal interlobular arteries that 322 14 were pressurized to physiological renal arterial pressure (100 mmHg) following pre-incubation and continuous 323 superfusion with modified Krebs' solution containing DMSO (control) or HC 067047. An elevation in 324 intravascular pressure from 20 to 100 mmHg depolarized the control arteries by ~ 37 mV ( Figure 4A and B) . 325
However, pressure-induced membrane depolarization was significantly inhibited by HC 067047 ( Figure 4A Figure 4E and F indicate that blockade of TRPV4 channels before intravascular pressure elevation inhibits 338 myogenic constriction. Here, we examined the effect HC 067047 on steady-state myogenic tone. HC 067047 339 concentration-dependently overturned myogenic constriction in neonatal pig interlobular arteries pressurized to 340 100 mmHg ( Figure 5A and B). These data support our hypothesis that TRPV4 channels contribute to neonatal 341 pig renal myogenic constriction. ] i elevation and vasoconstriction that were blocked by nimodipine (Figure 7A-D) . By contrast, HC 354 067047 did not alter depolarization-induced [Ca 2+ ] i elevation and constriction in the arteries (Figure 7A-D) . 355
These findings demonstrate that HC 067047-induced inhibition of neonatal renal artery myogenic constriction 356
is not mediated via L-type Ca 2+ channels. 357
358
TRPV4 channels contribute to renal autoregulation in neonatal pigs 359
To investigate whether the myogenic mechanism observed in vitro can be recapitulated in vivo, we examined 360 autoregulation of total RBF and renal cortical perfusion in anesthetized and mechanically ventilated neonatal 361 pigs. As described in the methods, MAP was increased by carefully tightening a ligature each around the celiac 362 and superior mesenteric arteries. This procedure increased steady-state MAP from 86.9 ± 3.0 to 114.1 ± 2.3 363 mmHg (n = 15; P<0.05). Following MAP elevation, step decreases and increases in MAP were made using a 364 vascular occluder. We observed whether an increase in arterial pressure induces an efficient autoregulation of 365 neonatal pig RBF and renal cortical perfusion. As shown in Figure 8A , an increase in MAP by 20 mmHg 366 resulted in autoregulation of total RBF and renal cortical perfusion within 10 s. The RBF and renal cortical 367 perfusion autoregulation indexes following 60 s of increased MAP were ~ 0.1 and 0, respectively, indicating 368 efficient autoregulation (11). Intrarenal arterial infusion of L-type Ca 2+ channel blocker nicardipine for ~ 30 min 369 reduced basal MAP by 23.5 ± 7.4 mmHg (n=4; P<0.05) and abolished renal autoregulation in the pigs (Figure  370 8B,C). These data suggest that renal autoregulation is efficient in neonatal pigs. Our data also suggest that L-371 type Ca 2+ channel-mediated myogenic constriction induces neonatal renal autoregulation. 372
Next, we investigated whether TRPV4 channels contribute to myogenic autoregulation in the pigs. (Figure 9A-C) . The effects of HC 067047 and RN 1734 on RBF and renal cortical perfusion 377 autoregulation indexes following 10 s of MAP elevation are presented in Figure 9D . Our data indicate that 378 TRPV4 channel blockade attenuates myogenic renal autoregulation in neonatal pigs. 379
Discussion 381 TRPV channels are highly expressed in the kidney, but their physiological functions in renal vascular bed are 382 poorly understood. Similarly, mechanisms that control immature kidney perfusion are unclear. In this study, we 383
show that unlike TRPV1-3, TRPV4 channels are expressed in neonatal pig preglomerular vascular SMCs. 384 (18, 57, 58) . Low intraluminal pressure stimulated rat cremaster arteriolar vasodilation via 400 activation EC Ca 2+ signaling mediated by myoendothelial junction TRPV4 channels (3). In pial arterioles, 401 TRPV4 is expressed in ECs (35). By contrast, the channels are colocalized with astrocyte markers in 402 parenchymal arteriole adventitia and mediate flow/pressure-induced myogenic constriction (35). Both flow-and 403 arachidonic acid-induced dilation of human coronary arterioles are dependent on EC TRPV4 channels (7, 75) . 404
TRPV4 expression is higher in renal vascular
However, intravital microscopy of the lung showed that TRPV4 ablation attenuates hypoxia-induced 405 constriction of mouse pulmonary arterioles (24). In adult mice, TRPV4 agonist GSK1016790A relaxed large 406 renal arteries precontracted with phenylephrine and vasa recta precontracted with norepinephrine (12). 407
Whether pharmacological modulation or pressure-induced activation of TRPV4 channels directly regulates the 408 diameter of resistance size renal vessels was previously unexplored. Our qRT-PCR data suggest that TRPV4 409 understudied. So far, only epithelial Na + channels (ENaC) have been shown to contribute to 435 mechanotransduction in renal vascular SMCs. Knockdown of the β-subunits of ENaC (βENaC) attenuated 436 stretch-induced currents in adult mouse renal vascular SMCs (13) . Afferent arteriole myogenic constriction and 437 renal autoregulation were also reduced in mice that lacked βENaC (21). Both ENAC and TRPV4 proteins 438 interact with actin cytoskeleton (51). Whether ENAC and TRPV4 form a mechanosensitive signaling complex 439 in renal vascular SMCs is unclear and requires additional studies. 440
Although isolated tissue experiments in this study utilized resistance arteries, our data indicate that 441 TRPV4 channels are also expressed in afferent arterioles. Hence, the effect of TRPV4 channel blockers on 442 neonatal pig renal autoregulation may reflect the contribution of both interlobular arteries and afferent 443
arterioles. Attenuation of neonatal pig renal autoregulation by TRPV4 channel blockers is consistent with the 444 data on myogenic constriction of isolated vessels and strongly support our hypothesis that 445 mechanotransduction by TRPV4 channels in renal vascular SMCs contributes to neonatal pig renal myogenic 446 autoregulation. Osmotic and mechanical stress trigger ATP release (6). Studies have also shown that 447 hypotonicity-and stretch-induced ATP release by adult rat thick ascending limb and adult mouse urothelial 448 cells, respectively, are dependent on TRPV4 channels (42, 54). Given that ATP release in the macula densa 449 contributes to TGF-mediated autoregulation, it is possible that TRPV4 is also involved in TGF mechanisms. 450
However, TRPV4 is absent in adult rat macula densa (64). Whether the absence of TRPV4 in the macula 451 densa is consistent across species, and age is unknown. TGF mechanism may also be immature in neonates 452
(1). Thus, our current findings provide no insight into the functional role of TRPV4 channels in neonatal pig 453 TGF mechanism. 454 TRPV4 protein expression levels and agonist-induced [Ca 2+ ] i elevation in primary mesenteric artery 455
ECs were higher in young (3 months old) when compared with aged (22 months old) rats, suggesting age-456 dependent regulation of the expression and function of vascular TRPV4 channels (16). Data here indicate that 457 TRPV4 protein expression levels in pig kidneys and renal arteries are significantly higher in adults when 458 compared with neonates. Perhaps, TRPV4 channels are also involved in renal myogenic autoregulation 459 mechanism in adults. Hence, the functional significance of renal maturation-dependent expression of the 460 channels requires further investigation. 461
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